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ABSTRACT 


The cylindrical shells are designed in several 
combinations of the longitudinal edge directions. Some 
of the common edge conditions are (1) Free Edges, (2) 
Longitudinal Rdge Beams, (3) Continuous Barrel Types, 
(4) Transverse Tie Bars with or without Edge Beams, and 
(3) Transverse Diaphragms. Sometime thovse shells are 
constructed continuous over the transverse supports, 
Wfe'.ny times, it is not obvious what type of edge condi-- 
tions would yield an economical solution.- '^The present 
investigation is aimed at a very specific optiiral prob- 
lem of the shell construction. The optimal problem 
referred here is associated with the need and design 
of transverse tie bars based on behavioural aspect 

rather than cost. The object of the investigation is 

hi' ik 'A.r' 

to seek the rational solutions to the following quee-^ 
tions.v:^^ 


^ T"' 

type of shells need to be provided with 
I' 


transverse tie bars^ « 


^2. If a shell is provided with the tie bars, 


then, 


■fr 


(a) Wiiat should area of cross-section of 


t he tie bars ‘ 



(b) 




’.'/hat is‘"/;l:h.e effect of the spacing of the tie 
bars on the fle:;cural behaviour and ultimate 
strength of the shell?\, ' 

(c) -/hat is the cracking pattern of the shell with 
respect to the spacing of the tie barS/? ^ o' ' 

(d) How does iihe stiffness and the strength of a 

I . 

cylindrical shelly compar^ v/ith that of a folded 
plate ¥/ith similar dimensions and tie bars^r'h, 

■ . .VI 

(e) Js' fk possibil(j{.|t o idealise a concentrated load 
on the shell as a distributed load based on 
virtual work concept and to predict reasonable 
deformations or stress resultants for the con- 
c e nt rat e d 1 oad^ , 

(f) V/hat, are ;the secondary effects in the region of 
the tie bar/^ " 


3. If a flexural crack is produced in a shell 
it possib^ to dampen the crack propagation v;"ith the 
help of the tie bars^^ > 


The solutions to these, problems were sought 
through experimental and analytical methods iden- 

tical set of micr oooncrete cylindrical shells were tested^ 

i 

under two point loads. Each shell was tested with 1 

I 

different spacings of the tie bars for its elasti.cO * 



behaviour and then loaded to its ultimate capacity for a 
I'jar t i cu lar s pa c ing of t he tie bars. Tlire e s pe c i me ns 
were tested for any given spacing of the tie bare. These 
specimens have given very consistent results* 

One shell without tie bars which developed a 
fle:}curril crack in the longitudinal beam was unloaded 
and then provided with tie bars at the cracked location. 
Then, this shell was tested for its behaviour after pro- 
viding the tie bars. 

The point loads were idealised as distributed 
load based on virt\;.al v/ork concept. The shell is then j 

analyzed by a Schorer Theory and the def oivnations meas- j 
ured from the experimental work wex-e compared with the 
analytical results. 

A cylindrical shell subjected to uniformly i 

t 

distributed vertical load over the surface will deflect | 
vertically downward v/itliout horizontal displacement | 

under membrane state . The shells norrrally adopted in j 

the civil engineering construction- have the included j 

) 

angles more thP-n 50°. If these shells are designed 

with f.ree longitudinal edges, then the free edges have 

the tendency to deflect inwards. Provision of the tie \ 

1 

bars in such shells is not of much use, whereas inter- | 
mediate diaphragms are more helpful in keeping the i 



shape of the shells. In case of shells with edge beams,/ 
if the flexural stiffness of the edge beams in the ver~ 
tical plane is very high, then the shell will have a 
flattening tendency. The transverse tie bars in such 
shells are helpful. If the longitudinal edges of the i 
shells are supported by rigid walls, then flattening 
action is dominant and the need for tie bars is high. 

The vertical deflections of the shells observed \ 
from the experimental results decrease with decrease in 
the spacing of the transverse tie bars. However, the 
rate of decrease in the deflection reduces and becomes 
asymptotic for a spacing of about 2/3 of the chord width.; 
It is recommended that the spacing of the tie bars be 
adopted equal to the chord width as further decrease 
in the deformation beyond this spacing is of small 
magnitude. The ultimate capacity of the shells increased 
with decrease in the S])acing of the tie bars. The tie 
bar force was mea.sured by electrical strain gauges and 
found to be of small magnitude. The total force in I 

the tie bars varied from 6 to 15 percent of the verti^- | 
cal load acting on the shell. This amount of force is | 

not very much since the tie bars are under direct ten- | 

j 

sion. The tie bars are recommended to be designed for | 

about 15 percent of the vertical load. The crack pat- j 

j 

tern of the shell at ultimate load changed with change ( 



The number of fhe 


in the !3 pacing of the tie bars, 
cracks developed? increased with increase in the number 
of the tie bars. The more number of srrBll cracks might 
have contributed towards the increase in the ultimate 
capacity of the shells with small tie bar spacings. 

It is probably obvious that the cylindrical 
shell is much stiffen than a folded plate of similar 
dimensions under distributed load conditions. The cylin- 
drical shell was found to be rmch stiffen than the folded 
plate with respect to even concentrated loads on the 
crown or ridge of the structures. The two concentrated 
loads acting on the shell were idealised as uniformly 
distributed load based on virtual work concept. The 
vertical deflections predicted by using the Schorer 
Theory for the equivalent distributed load v^ere then 
compared with the experimental results and found to 
give reasonable results » However, the horizontal def*- 
lections did not check well. The shells were instru- 
mented v/ith strain gauges and linear deflection dial 
gauges. The data obtained from this instrumentation 
was not enough to study the secondary effects of the 
tie bars on the shell. However, the overall behaviour 
of the shell did not indicate any deteriorating .effects 
due to the tie bars. The shell that had developed fle- 
xural cracks In the edge beams when again . tested with 



tie bars at the eracked locations, gave an improved 
performance. The initial cracks did not propagate, in 
fact, they got closed with the provision of the tie 
bai* , 

Considerable research work has been done on 
the cylindrical shell. However, most of this work is 
based tov\Wds analysis oriented. There is a great need 
for furthex' research on the optimal design aspect of the 
shells. What is discussed in this investigation is very 
small as compared to the work that is to be done in the 
direction of the design. An overall optimization v/ith 
respect to the geometry (that is lise, chord and length 
relations), the edge conditions (that the edge beams and 
their relation to the shell), continuity and interme“ 
diate diaphragm conditions should be done. The designer 
or the field engineer should be provided with certain 
guide lines in making a})propriate parameter choices a.nd 
decisions. The present investigation has discussed a 
specific load condition to establish certain qualitative 
data associated with the cylindrical shells. It is 
highly desirable to study the optimization problem for 
self “-weight and wind or live load conditions. Looking 
at the designer's point of viev/, there is much more to 
be done even in the field of optinira-l design of the 
cylindrical shells. 
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CHAPTER I 


IKTRODUCTIOH 

1 .1 Brief Review of Literature 

The simplest form of the curved roof commonly 
employed for Industrial buildings is cylindrical shell. 

It has been studied in great length both theoretically 
and experimentally , A brief review of the work done on 
the cylindrical shell is discussed in the present section. 
The theories for the Analysis of the Shell are not dis- 
cussed in the review. 

The experiments on the models of eleven shells 
made from Reinforced and Prestressed Concrete were 
carried by A.L. Bouma* (1) et al. A series of seven 
shells was taken with a particular viev/. The amount of 
reinforcement in the edge beams of the series was kept 
constant, but its distribution was varied. Another two 
reinforced concrete shells with different lengths were 
taken in order to study the Influence of length. The 
remaining two shells were a reinforced concrete shell 
on continuous supports and a pres tressed concrete shell. 

As regards the loading, a number of point loads were 
applied on all eleven models# All the shells were 

*The number in parenthesis indicates the reference 
ninnber ♦ 


2 


loaded up to failure. 

The experiments of the series consisting of 
seven shells provided good information about the failure 
mechanism. The shell which had practically no reinforce- 
ment in the shell portion, failed suddenly and catastro- 
phically , The shell with uniform reinforcement provided 
over entire depth of edge beam yielded at a lov^^er load 
than that of shell with the reinforcement being dumped 
as low as possible. It was observed that the shell 
designed in a traditional way behaved satisfactorily in 
every respect . 

The reinforcement in continuous reinforced 
concrete shell yielded at a higher load compared to 
that of any shell from the series. The yield load of 
the reinforcement in Prestressed Concrete Shell was maxi- 
mum among all the cases , 

The introduction of edge beams decreases the 
stresses. The variation of the stresses tends t o the . 
linearity. In this regards, the effect of edge beams 
with different shapes and sizes on the stresses in the 
shell, v/as studied by Dr. A.S. Arya (2) and Mr. S.K. 
Agarwal, Holland and Schorer theories were adopted to 
study the problem. The short, intei-mediate and long 
shells with edge beams being varied in shape and size 
were analyzed. 
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The stresses obtained from Schorer Theory were 
close to the stresses obtained from Holland Theory, in 
the case of Intermediate and Tong Shells. But, Schorer 
Theory results deviated largely from Holland Theory 
results in the case of Short Shells. 

The transverse moment in the case of flat edge 
beams was more than that in the case of deep edge beams. 
The twisting moment increased in the case of flat edge 
beams. The longitudinal and transverse axial forces, and 
shear forces in the shell with deep edge beams were less 
compared to those in the shell V7ith flat edge beams. The 
results had made conclusion that the narrow deep edge, 
beam was generally superior to all other shapes, for all 
the shells, 

A Reinforced Mortar Model of Parabolic Cylin- 
drical Shell with variable thickness was tested by Arthur 
W. Hedgren, Jr. (3) and David P. Billington. The vacuum 
loading was applied on the shell. In c onsec|.uence of this, 
the normal loading was developed. This resulted more 
deflection at the edge than that at the crown. At the 
higher load, the crown was lifted upwards. 

The experimental deflections, stresses, moments 
were close to the corresponding theoretical results within 
elastic range. At higher loads, the experimental deflec- 
tions, stresses, moments were considerably higher than 
corresponding theoretical results. 
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The first cracking was developed in the corners 
of the shell and continued to propagate tov/ards the 
centre as the load was further increased. At high loads, 
the longitudinal cracks showing the yielding of trans- 
verse reinforcement had developed at the crown. At the 
failure load, the diagonal cracks and longitudinal 
cracks were combined. So, the ultimate load carrying 
capacity was governed by the transverse flexural strengt;h 
and shear . 

The influence of Prestressing on stresses in 
the single cylindrical shells was theoretically studied 
by M.L. Kalra (4). The Finsterwalder Theory was applied 
to analyze the shell. It was found that the transverse 
moment had increased due to the prestress. The shell 
was found to deflect outward and it continued to deflect 
more as the prestressing was increased. To restrain 
this displacement, the author had introduced the trans- 
verse tie bars with certain spacing at springing line. 

It was found that the transverse moment ceased to in- 
crease at the same rate as was in the case of no tie 
bar. Horizontal displacement was considerably decreased. 

1 *2 Proposed Investigation 

Much work has been done on the cylindrical shell. 
But, the effect of transverse tie bars being varied in 
number and spacing is not studied. The tie bars are of 
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much concern in single shells and the exterior bays of 
multiple shells. The need to provide tie bars in the 
exterior bays of multiple shells is explained in Pig. 
1 . 1 . 



Pig. 1.1 The Reactions in P/Fultiple Shells 

The reactions in multiple shells are shown in 
the Pig. 1,1. The horizontal components of the edge 
thrusts at the junction of the two adjacent shells are 
compensating. Therefore, the intermediate longitudinal 
beams are subjected to the vertical loads. The outer 
edge beams of the exterior bays unless restrained by an 
external or support hinge, are free to deform and move 
in the horizontal direction. 

The need of the tie bars in a single shell with 
free edges does not req.uire any further explanation. 

If the horizontal movement is restrained, the 
stresses in the shell might get reduced. In consequence 



6 


of this, a. thinner section can be adopted and the amount 
of reinforcement would be reduced. 

The restraint may be introduced through intier- 
mediate diaphragms or transverse tie bars. Keeping the 
construction view in mind, the introduction of the tie 
bars would be easier compared to the provision of the 
diaphragms. And, the tie bars may roughly fulfil the 
same structural benefit produced by diaphragms. 

The present investigation v/as carried out with 
the following objectives. 

Objectives 

1 . To find the behaviour of cylindrical shell with 
transverse tie bars. 

2, To find an optimum spacing and area of the tie 

bars 

3 - To compare the stiffness of the cylindrical 
shell v/ith that of the folded plate of similar dimensions. 

4. To compare the experimental results with the 
theoretical results in the elastic range. 

5. To ic^ke some recommendations when a tie bar is 
needed with reference to the shell included angle, , edge 
beam etc . 
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A se'fc of five long micro-concrete circular 
cylindrical shells with the tie bars were tested for 
the flexural behaviour. The experimental results v/ere 
compared with the results obtained from Schorer and 


Beam Theories . 



Cl-apTER II 


EXPERIIiENTAl, 1.70RK 

2 . 1 Materials 

Mcroconcrete v;as used for C5'lindrical shells 
under investigation-. The properties of the materials 
used in the specimens s.re discussed in the following 
section. 

Ordinary Portland cement exhibiting standard 
qualities was used. The river sand v/ith the specific 
gravity of 2,5 was used as fine aggregate. The coarse 
aggregate with the fineness modulus of 6.5 was of hard 
granite . 

Mild steel bars of 9.4 mm dia. were used as 
longitudinal reinforcement in the edge beams. Pig. 2.1 
gives the stress-strain behaviour of the bars. Mild 
steel wires of 3.2 'mm, spaced at 80 mm, were Lised in the 
longitudinal and transverse directions of the shell. 

The high strength steel bar of 7 dia. was used as 
the Tie Bar, Pig, 2,2 gives the stress-strain beha- 
viour of ihe high strength steel bar, 

2 . 2 Specimens 

A teak wood mould was used for casting of the 
cylindrical shell specimens. The top of the mould was 
fixed with a G.I. sheet. This type of fixing of the 
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sheet avoids absorption of water by the raould from wet 
concrete and also gives a much better finishing to the 
specimen , 

2 .2 cl Specimens 

The five micro-cement concrete shells v^ith 
reinforcement were cast for the testing. The salient 
features of the geometry of the shell are shown in T'ig. 
2.3. 


The diaphragms at the junction were tappered 
to facilitate the separation of the specimen from the 
mould . 


Two specimens were cast without any provision 
for the tie bars. These two specimens were tested for 
behaviour of the shell without the tie bars. Three spe- 
cimens v/ere provided with five holes at the junction of 
the shell and edge beams. The holes for the tie bars 
are spaced at 250 mm along the length of the shell. The 
provision of five holes facilitates to vary the number 
of the tie bars. 

The specimen view is shown in Photograph t 1 . 

2.2f2 Preliminary Design Aspect 

The shell with the edge beams behaves like a 
beam? in the case of Span/Radius ^ 3. The shell under 
investigation had this ratio as 5* Hence, the shell 
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was designed like a beam with curved cross-section. 

The amount of longitudinal reinforcement is found on 
the basis of V/ or king Stress Design v/liich is shown in 
Appendix A--1 , 

The force in the tie bar is determined by Arch > 
Method, The Arch is assumed t o be hinged at two edges. 
The method to find out the tie bar force and subsequently 
area of tie bar is illustrated in Appendix A-2 . 

2 .2.3 Details of Reinforcement Layout 

Two bars of 9.4 mm were placed in each of the 
edge beams. The ends of the bars were kept beyond the 
diaphragms y in order to achieve the anchorage length. 

The wires of 3.2 mm spaced at 80 mm, were provided in 
longitudinal and transverse directions of the shell for 
shrinkage and temperature stresses . The transverse wires 
would also function to resist negative transverse moment. 
The diaphragms were vertically reiziforced, Good bond 
was developed between diaphragm and shell reinforcement 
being tied to each other. Shear reinforcement of the 
same wire v^as diagonally provided near the support to 
avoid shear cracking. 

The details of reinforcement layout are shown 
in Dig. 2.4. The reinforcement of. the shell is shown in 
Photographs 2, 
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2.2.4 Casting and Curing 

All the micro-- concrete shells were cast with 
mix by weight. The W/C ratio by weight was to 
be 0.45 . 


The mix was prepared in Tilting Mixer having 
0.028 cu-metres capacity. The prepared mix was spread 
over the mould. It was externally vibrated. Care v/as 
taken not to allow the air-voids in the edge beams. All 
the shells were cured in water-pond for 30 days. 

2 ,3 Experimental Set-up 

All the specimens were tested on the self- 
straining loading frame as shown in Eig. 2.5. The I- 
section was kept over two channels, each, connected to 
a’ column. The rod working as a roller was placed between 
the channel section and the I-sectlon. The function of 
the rod was to transmit the load to the web of the channel 
section, so that the yielding of the support would prac- 
tically be zero. 

The diaphragms were resting over the webs of 
the I-section through rollers. One end of the . speoimen 
was not allowed to Biove . T/hile, another end v/as. allowed 
to do so. 

The experimental set-up is shown in Photo- 
graphs 3 . 
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Loading 

The effect of the tie bars in pure flexure 
V7as the niain object of the programme.. It was also 
aimed to compare the stiffness of the cylindrical shell 
having the tie bars with that of the folded plate having 
the tie bars. The loading on the folded plate was a 
two point load. So, to be consistent v^ith the loading 
on the folded plate, the same form of the loading was 
applied on the cylindrical shell. This type of loading 
is an idealised form for study of flexural behaviour as 
a starting point. 

Two equal point loads, each at L/3 from the 
support, were applied on the specimen to create pure 
moment area throu^ raiddle-third portion. The tv;o point 
load was achieved through two segmental blocks which rest 
on the ridge of the shell, A layer of the Plaster of 
Paris was placed in between the block and the upper 
surface of the shell. This ‘helped in preventing the 
crushing of the concrete. The loading was developed by 
hydraulic jack. 

2.4 Instrumentation 

2,4.1 Set“Up of the Dial Gauges 

Pig. 2,6 illustrates the arrangement of dial 
gauges placed on the specimen. The gauges were mounted 
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from the frame made from the slotted angles. The least 
count of the dial gauge placed on the shell was 0.01 mm, 
while tliat of the dial gauge placed under the support was 
0.002 mm. 

Pour kinds of deflections were measured. As 
sliown in Pig. 2,6, the gauges placed along L~1 , 0-1 , Fi-1 
lines were showing the radial deflections. The gauges 
placed under the edge beam measured vertical deflections. 
The gauges placed at centre-line of edge beams were indi- 
cating horizontal displacements. The gauges placed under = 
the support were kept to measure the yielding of the 
support . 

2.4.2 Set-up of Strain-Gauges 

The electrical strain-gauge was used to measure ' 

f 

the strain. SR-4 strain gauge was adopted. The four-arm; 
•heatstone Bridge Circuit was used to measure the strains^ 
Its gauge factor was 1,^8. A body exhibiting the same 

I 

I 

properties of the specimen was fixed with strain gauge to i 
compensate the temperature stresses. 

Two strain gauges were fixed on diametrically ; 

opposite faces of the tie bar. The average of two measure 

■ ■ ■ i 

ments v^as considered to determine the force in the tie bai 







2 ‘ *3 Tostin^ of the Specimens 
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The variable parameter in the study is spacing 
of the tie bars. Tv/o shells without the tie bars were 
tested up to failure. Three shells were tested v/ith 
the tie bars being varied in spacing. Three shells 
v/ith one tie y tv^o tie bars and three tie bars respec- 
tively were tested up to failure. Each of the last three 
shells \,L :.3 tested for five cases of tie bars positioned 
as shown in Eig, 2,7? up to elastic range. 

The notations CSO, CS1 indicate the cylindri- 
cal shells with no and one tie bar respectively , The 
same arguvnent follov/s the notations 0S2 ^ CS3? ClS4j 0S5 . 

The instrumenbation was the same for all the 
specimens , 

Cube Strength 

The concrete cubes were tested on the same day 
of the specimen testing. The cube strengths of five 
shells are given in Table 2,1, 


Specimen 
Numb er 

Average Strength of Three 

Cubes in ICgs/cm^ 

I 

471 .1 

II 

597,9 Table 2.1 

III 

376.1 Cube Strength 

IV 

398.7 

V 

488,7 






The average strength is found to be 413.6 
o 

l:gs/cm^. All the cube strengths are v/ithin the range 
of + 12f> of the average value. So, the average value 
is adopted in the analysis „ A convenient figur^e of 
415 kgs/cm is adopted for the calculations. 



GtlAFTER III 


EXASI’IC analysis 

It is cndeavourGd to correlate the experiraental 
lesults v/ith theoretical results in the elastic range. 
Approximate analyses are presented in the succeeding 
sections , 


5 . 1 Introduction 

There are Exact Theories to analyze the cylln^- 
drical shell j but these theories involve considerable 
amount of time . On the other hand, approximate the ca- 
ries involve a certain amount of error, but they are 
easy to be dealt with long shells. The Schorer Theory 
is simple and gives results with good accuracy in the 
case of long shells . 

In the case of span/radius ratio ^ 5 for shells 
without edge beams, it had been experimentally found that 
the distribution of stresses varies linearly* The ratio 
tends to reduce up to 3 for the shells with edge beams. 
Schorer himself has proposed the number of If ? beyond 
which the shell can be treated as long Shell, In accor- 
dance with A.S.C.E, classification for shells, the shell 
which exceeds the span/radius ratio of 3? is considered 
to be long shell. 
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The above propositions fulfil the requirements 
to make the shell under consideration as long shell. 

As the Schorer Theory is simple, it is used 
to analyze the cylindrical shell. 

' The second approach attempted is simple Beam 
Theory. Bearn Method is applicable for Long Shells, ^o, 
the method suits the present analysis. 

Beam Metiiod consists of two parts, one is Beam 
Analysis and another is Arch Analysis. Analysis by Beam 
Method is confined only to Beam Analysis in the present 
investigation. The shell in Beam Analysis is assumed 
to bo a beam v^ith curved cross-section.' 

3 . 2 General Solution 

Initially^ shell is considered to be in Mernbraiie 
State, Membrane Solution can be found in the follo\/ing 
way. 

Me mb rane S olut i on 

Three equilibrium equations in the membrane 
state, involve three unknown in-plane stress resultanbs. 
So, the 'Solution ,of three equations derives three in- 
plane stress resultants. Membrane displacements are 
obtained from ^Tess-strain relations. 



Bendin/s; So lutj^qn 

MembranG solution develops stresses at free 
edges. But physical boundary conditions do not allov/ 
bhe exist once of such stres ses . So , corrective line 
loads are introduced at the free edges to satisfy actual 
boundary conditions. These forces bend the shell, so 
bending solution is required to account for these effects. 
Bending solution is obtained by Schorer Theory, 

General so let ion of the cylindrical shell is 
obtained by superimposing membrane solution over bend-* 
ing solution as the material is considered to be elastic. 

5 ‘ 3 Schorer Theory 
3.3.1 A ssurapti ons 

The following assumptions in the Schorer Theory 

are taken 

(a) The material is isotropic, homogeneous and 
elastic . 

(b) The plane normal to the middle plane before 
bending remains plane normeJ to the middle 
surface . 

(c) Stresses normal to the shell surface are 
neglected. 
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(d) All the displacements of the shell are small. 

(e ) I'ongitudinal Moment M 5 Transverse Shear in 

longitudinal direction and tv/iat are 

negl ected. 

(f) Tangential strain and in^ plane shear strain 
Vycfc ax’e neglected. 

(g) I’oicson's ratio is neglected. 

The assumptions (a) to (d) are common to all 
bending theories and they stand for the problem. The 
forces mentioned in (0) are small compared to the trans- 
verse moment M-v and the transverse shear in long 
shells. Hence, they are neglected in the analysis, 
lihewisey the strains mentioned in (f ) being small 
coiiii^ared to longitudinal strain Crx arc neglected. 

Poisson’s ration appears as the square of its own value 
in the expressions of stress resultants and displacements . 
oOy the square of Poisson’s ratio is very small compared 
to the unity. Hence, Poisson’s ratio is neglected in 
the analysis, 

3*3.2 Solution of the Cylindrical Shell as per Shorer 

The assumptions yield a simple governing dif- 
ferential equation in terms of radial displacement 
as (6 ) 
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aw 


0 


■form 


Solution of V/ is sought in the folloiving 

05 C?-5) 


whiere H ~ constant 

The characteristic equ.Ation is obtained by 
substituting (3»2) in (3-1) nnd written as 

mV a^V 0 .M) 

The solution of (3.3) gives an infinite series 
for the expression of w. The first term of an infiiiite 
series is taken for the expression vv and written as 

ti> r £i*^'^j^ACose,0 -f 

where *^1 “ lieal Parts of Complex Roots 

% - Ine^ ginary Parts of Complex 
Roots 

A, Bj C, D - Constants 

The expressions for stress resultants smd 
displacements can be written in terms of unknown 
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constancQ , Once the unknowns are evaluated from bound- 
ary conditions, then the stress resultants and displace- 
ments can be determined for any point on the shell, 

3 • .Beam Th eory 

The assuiiipti ons (a) to (g) in Schorer Theory 
hold good for Beam Theory also. 

Shell luider consideration is taken as a flexu- 
x'al 'UGV’bcr. Hence, the membrane solution is absent in 
the Beam Theory. 

Only the deflection is found by the beam 
analysis. The transverse deflection does not vary along 
the arc , 

3 > 5 B ound ary 0 ond it ion^ 

The boundary conditions at tv/o edges are the 
same because of the symmetry in geometry and loading. 
Hence, the boundary conditions at one edge are consi-- 
dcrod to be enough to solve the simultanoous equations. 
The boundary conditions at the junction of shell and 
edge beam are the following. 

Ijo__T_ie Ba r Case 

Edge beams are normally thin in the case of 
long shells. Consequently , their moment of inertia 
about vertical axis is negligible. So, edge beams are 
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not capable to withstand lateral thrust and transverse 
moment. So, two boundary conditions can be stated as 

(i) 'Phe algebraic sum of the horizontal forces is 
zero 

2 H 0- 

(ii) The transverse moment is zero. 

= 0 . 

The compatibility of deformation at the junc- 
tion of shell edge and edge beam gives two boundary 
conditions . 

(iii) The longitudinal divS placement u of the shell 
= That of the Edge Beam. 

(iv) The vertical deflection of the shell 
= That of the Edge Beam. 

Tie Ba rs Cas e 

The introduction of the tie bars develops the 
resistance to the latei’al thrust* Therefore, the first 
boundary condition in no tie bar case is altered. It 
is written as below 

l“H = f{x) 

f(x) represents some resisting force developed 
due to the tie bar. 
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-Clio remaining throe boundary conditions in 
the i'ormor case are not altered. 

Displacements would be changed in magnitudo 
because oD t h e t i e bo,r s , but the expressions for t he 
longitudinal and the vertical displacements are unal^- 
beroa, as, the expressions for the stress-resultants and 
bhe cd. s placements arc functions of surface forces, not 
the boundary forces. 


To avoid the mathematical complexities with 
dhe formulations of stress -resultants and di spla.ee ments, 
the tie bar force is expressed as a Fourier series, 

i(x) is expressed in the following form. 

Co 

fcx") = 

Tcr-O 

Origin of x is taken at the centre of the 

edge beam, 'Ihe method tc find K is illustrated in 

n 

Appendix B. 


2 ‘ ^ Loading on the Shel l 

Two point loads, each at one-third of the 
span, v/ere applied on the shell.. It is desirable to 
keep the form, of the loading consistent with the for- 
mulations of the stress I'esultants and the displacements 
So, the loading taken in- the analysis was expressed as 
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I our i or Loading, The mot hod i:o find the Fourier Loading 
io briefly nontioned below. 

The uniform load in longitudinal direction is 
found out by the virtual vYork concept. The deflection 
function in the virtual work concept is assumed as Sine 
function, I'/ork done by the two point loads is equated 
to that by some assumed quantity of the uniform load. 

The equality coropute'o the uniform load on the shell. 

This unifoivn load obtained is a line load acting at 
the ridge. The uniform load acting over the whole area 
is obtained from the line load by simple statics, 

Pinal.ly, the uniform load in longitudinal 
direction is converted into Fourier Loading and the 
first term of the infinite series is considered for the 
loading. The whole motliod is illustrated in Appendix C. 

3 • 7 I: b?og ramjn e on the Compute r 
3.7.1 Introduction to the Programme 

The analysis of the cylindrical shell is made 
by tl'iG Schorer Theory being programmed on the digital 
computers IBM 7044“1 401 systems. To make the express 
sions of the stress-resultants and the displacements 
in the matrix form, they are written in the following 
general form (6), 
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U { 81 i ( AC05 ^,?s ^ Bb'm ) 

‘^‘3cosp,(3i -As/n^i<;6j 

c^r 

+ ^ { B5; CC eo5 13^0 -t-DSiTl ) 

CDco5^^g^ 'Csinp^t;^ J)}^: 

-(3-5} 


for i = 1 5 o 

lij^ -iny Siiell Action 

1=1 j 8 It mo.y be the stress resultant or the 
displacement „ 

- G o.L res pond i ng Mu It i p 1 i or which is c ons t a nt term 

i=:1 ^3 

(B1 , B2j B3 , B4)^ “ Goires ponding coefficients expressed 
i=1 in terms of the roots 

‘j Boots of the characteristic equation. 

Aj Bj Cj I) “ Arbitrary constants 

is illustrated as below 



The values of and (B1 , B2, B3, 

■i=1,8. 1=1,8 

are shown in the Tables B-l and D-2 given in Appendix D. 
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As the number of the unknown constants is 4? 

tho number of the shell actions is taken as 4 for the 

matrix coraputations . So, is equally dlTided 

i=1 ,8 

into two parts. One part is for the stress resultants 
and another part is for the displacements. So, the 
dimension of the matrix fjl] becomes 4 x: 1 . 


for the matrix computations, the right-hand 
side of the equation (3.5) is cast in the follov/ing 
form. 


where 


CHhxl 

= 


1 

-'4x'l 




(3.6) 


= 1 ^ *4x4 

1 ^ *4x1 

(3.7) 

?] 

= (.mICeXs-J 


llat rices 

in (3 .6 ) 

are briefly explained. 


Jfetrix Qli 1 consists of the stress-resultants 
or the dl 9 plaooinen-ts. Matrix stands for the multi- 
pliers of the stress resultants or the displacements. 
Matrices rM^^can be generated from fable D-1 . Only 
the diagonal terms in the matrix |^m 3‘ exist and off- 
diagonal terms are zero. Udatrix [B J is a function of 
the roots of the characteristic equations. P/feitrioes 
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|.BJ for the streas-resulfants and the displacements 
can be genorated from the Table D-^2 , 


Matrix 

B is indicated below 



t' 

0 

0 


c c05p(9b 

o 

0 

O 

O 

1 

O O 

e C05|d<g<i* 

® 5m\bs,ct> 

e cosj3^9i 


Matrix [iT] is not altered in the case of the 
stress resultants or the displacements. It depends on 
the roots and the angle. 

Matrix jjCj is indicated below 

r 1 
A 

B 

C 

_ B ^ 

Matrix |^X | is a function of only arbitrary 
consto.ntB, it is not influenced by the stress resul- 
tants or the displacements . 
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Por the sake of convenience in the computations, 
IjiJ is separately designated as [HP] lllD"] for the 
lorces and the displacements lespectively . F and D let- 
ters denote the forces and the displacements respectively, 
Similarly Qvlf';], [mI, [bpI, |bI)1, [ZPI, [ZDJ follow the 
sarno notation, j matrix remains the same for llip] or 
explained earlier. j^Xjriatrix is also unaltered. 
Matrix | Xj is to be obtained from a set of boundary con- 
ditions . 


Once, the arbitrary constants are evaluated, 
then they are substituted in (3*5) to compute the shell 
actions. The resultant shell action at any angle from 
the edge is derived by superimposing the effects origi- 
nating at an angle of (20 “ 0) over the corresponding 

V,/ 

terms at an angle of 0 . For symmetric functions involv- 
ing even derivatives of 0, these two effects are to be 
added. But for antisymmetric functions which involve 
odd derivatives of 0, these two effects are to be deducted. 
These resultant shell actions are for bending solution. 
Pinal solution for the shell actions is obtained by 
superimposing membrane solution over bending solution. 

3*7.2 Operations 

As explained in 3*2, membrane forces and 
displacements v/ere computed. Roots of the characteristic 
equation were found for the bending solution. Ifetrices 
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? i 5 \'7 e r e e j/i c r a t e d and g i: or e d in the 

memory ].ocation. Fioopective matrices and [^B"3 for 
the forces and the displacements were multiplied. 

Matrix [pj at an an^ilo 0 was developed and subsequently 
it vias malt i plied with the product of | rSitrix 

p |at an.qlc of (2r0 - 0) was generated and sirailar 

operation was carried, ]:iov7s of | M 71' 

C ■ J I ^ Jf -'Ofa r d de d or su b t r a c t e d d o pend i n g on 

t he }:)]? 0 pert i e s of the shell >a c t i on . Pinal ma t r i c o s f oi' 
the forces and the displacements ',/ere designated as (_2Pj 
a n d 1^2 Pj respective ].y . 

Poxt stop was to evaluate iTBtria: [ ^ J from the 
boundary conditions. Governing equation for evaluo,tirLg 
c 0 ns t a n'h s is wr i 1 1 en as 

I'cpr^q = (3.8) 

|*gJ matrix was derived from a set of four 
boundary conditions. is depending on tho bending; 

solution, but is not influenced by the change in the 
boundary cc.nditions under consideration. Ifetrix W 
takes Gi\:ce of the change in the boundary conditions. 

|y I depends on the Membrane Solution also. 

A brief explanation for matrix [_Y^is required 
before Pqu, (3.6) is executed for the boundary conditions 


for the tie bars . 



Ill the case of E.C. for no tie bar, Equ» (3.6) 
has nrnlbiplior cos on both sides » So, the multiplier 
gets eliminated during the execution of (3.6). But in 
the case of BoG, for the tie bars, the first olemont of 
r^lqxl Constant term. The constant term 

appears because the tie bar force is expressed into 
Fourier Series. This can be seen from Appendix B. To 
avoid this mathematical complexity, first rows of |_C^ 
and wex'o orthogonalized . Consequently, first rows of 
[c J and [^yJ did not contain any circular function. Ortho-* 
gonalization facilitated the matrix computations. Ortho- 
gonalization of the functions is shown in Appendix B, 

From equation (3.8) 

[xj = [o1''^LyJ (3.9) 

Inversion of matrix was done by G-auss- 
Gcldel Method. (3.9) expression gives solution for 
arbitrary constants . 

Bo Tie Bar Case 

Case of n''!-tle bar is vei^y simple for the 
determination of shell actions. Arbitrary constants 
A, B, C, B were substituted in (3.5). Superposition 
concept for the bending and the membra,ne solution was 
applied to compute the forces and the displacements 
at the points under consideration. 
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Tie Bara Case 


Three stages of shell are considered to incor- 
porate the tie bar effect. 



]? i g , 3.1 S he 11 wit h 


(Point load is considered 
only to illustrate the met hod) 


Load 


In the first instance, the horizontal dis-- 
p].acGinent at the tie ba.r location, but without consi- 
dering the presence of the tie bar, is found by using the 
following expression 

O = V cos 0 + w sin 0 

c c 

(3.8) 

0, = Seini - Central Anglo 

o 



Pig. 3.2 Shell with Unit Tie Force 

In the second instance, unit tie force is 
applied to resist outward displacement. And, ^2 
displacement is found. 



I 
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IiUg. 3»3 Illustration of Superposition 
Principle 

In the tirird step, effects due to V and f 
arc superimposed over' each other. The following equa- 
tion from Pig. 3 ♦3 and can be v^ritten 


6, •+■ 

T 


TLt 

At Er 

6/ At£t 

Ut 


C3-S) 

C3'IOj 


This value of T was substituted in (B-8) 

to (B-12) for different cases. Thus, first element 
of ' j was formed for all the cases. 

As explained in no tie bar case, forces and 
displacements at points under consideration were found 
for all load Increraents . 

3.7 Plow Chart 

Plow Chart is drawn to explain the procedrire 
desoribed in 3 . 7.1 and 3 . 7 . 2 . 
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RESUia’S AND DISCUSSION 


^ De 'flee t ion 

He suit s 

The deflections as mentionecl in Section 2.4} 
v\fere measured at the points shown in Dig. 2.6. Deflec- 
tion curves are plotted in Dig, 4.1 for different nuuber 
of 'I: he tie bars. It v/a s observed that t he de f le c t i on 
0 f t he shell wit h one ‘b i e bar a'b 'b lie centre is less 'b lia n 
that of the shell v/ith no tie bar. Sinalar trend is 
seen for the shell v^/ith tv/o tie bars . The percentages 
of reduction in experi mental deflections were approxi- 
mat e ].y 1 O;^- and 1 D V'> r o s pe c t i ve ly . 

The deflection of the shell \7ith three tie bars 
is more than tha.t of shell with two tie bars. This may 
not seeit true. In the case of CS3 j two bars other than 
central bar were placed neiu- support. So, naturally, 
these tv/o bars did not give significant contribution 
in reducing deflection. So, this indicates 'bhat not 
only number of ‘tie bars, but also their position matters. 

It is observed from Dig. 4.1 that as the number 
of the tie bars is increased, the corresponding deflection 
is not proportionately decreased. The load deflection 
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curve a.i’c 
the tv he lit.) 


fJhov/n in If’ig. 4,2 for the centre point. 
!.j l.i ow 0 1 1 . v, e on 13 -[ y ^ 0 nt h e iiav i our . 


All 


it v/aa thought to find 
mi.ght govern the spacing of the 
c an b e e s i^ab li she d be tv/e en t he 
spacing and the deflection. As 
t lie d 0 flee t i on dec r e tx iij e d . 


s orue par ame ter w hi c h 
tie bars, oorne relation, 
ratio chord v/idth to the 
the spacing decreased, 


Centre deflections for various c] ord width/ 
‘•"•^tios are shown in Table 4.1. The percentages 
of I’oductions in deflections are mentioned v/ith respect 
to the centre deflection of the shell with no tie bar. 
'Idle re su It s are a Iso plotted in I? i g . 4.3. It is obser- 
ved, ilf'ojn the O'ig . 4,3 that when the chord v/ld th/s pacing 
ratio is nearly unity, the corresponding layout of the 
tie bars yieldfo optimum results. And onv/ards , the curve 
b e hav e s a symp t o t i c a lly . 


0,347 
0,725 
1 .050 
2.075 


dth/i'h)acing 
ie bars 

Def lection 
Cr-j 

Reduction Percentage 
in deflection w.r.t. 
that of CbO , 

- COO 

0.0805 

0.0 

- 031 

0.0735 

8.7 

- G32 

0.0630 

14.3 

C35 

0.0660 

18.0 


Table 4.1 •“ Deflections Against Chord 'I'idth/ 
Spacing Rat i os 
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Kesul ta by Sc horer Theory 

'X'he deflections in the shell with no tie bar 
c.i.i.e plotted in Pig, 4^4- The deflections obtained from 
the dchorer theory using the equivalent distributed load 
j a s e d on v 1 r t na 1 y/ or k c once pt are 2 ^ 0 % less as c o mpa re d 
to the e.7cperiTiiental results, i'he present experimental 
deflections are caused due to two point loads, vihile, 
Lhe loading in Ijhe analysis is considered as uniform 
loading, ilence^ tViis leads to greater experimental 
reBults compared to the theoretical results under consi- 
deration , 

The theoi-’etical results could not be derived 
far the shells .with the tie bars. This happened because 
of the different form of the loading considered in the 
analysis, The shell had flattened out due to the point 
loads,. And, this flattening was partially restrained 
by the tie bars. Bub the uniform, loading considered 
made the shell edges to move inward. The prediction of 
the vertical deflections using an equivalent distributed 
load based on virtual woi'k concept is fairly close 
whereas the lateral displacements between the theory 
and the experiments do not agree at all. 

The tie bars v/ould do tneir function when the 
shell flattens out. The flattening can occur in the 
following instance. 



45 


’Vhen the e(l."e beams are very stiff, then the 
equation (3^9) can be applied, The shell \/lth the 
stiff ecl^-^'G beams would flatten even if the loading on 
the shell is uniform. 

The horizontal edge displacement raay be 
expressed as 


w lie re , 




^ hb 


(4 .1 ) 





Nob Horizontal Displacement 
Membrane Horizontal Displacement 
Bending Horizontal Displacement 



Dig, 4»5 - Displacements in Shell 

V'/ sin 0^ + V coQ 0^ 

^ is positive ^Yhen it is inward, 
h 

C = vj .sin 0 + V cos 0 

w m cm c 
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- 0 , 

uo, tho inf;^ji:brane horizontal displacement Is 
z- o 1 • o o 1' I'j. 0 1)0 i n ■ 1; m ov c s d ovv n\v a r d ^ but does not move 
h or i z o i it, a, ]. 1 y . S o ^ only t lie b en di di s i)la c e ment decides 
about the introduction of the tie bars. 

The solution of the shell with the edge beams 
can lie found by superimposing the effect of the edge 
beams over the solution of the shell with free edges. 

The meinbrane solution gives the forces at the free edges. 
The edges are made free by applying the corrective forces 
or lino loads Vjy; H-j-^ and Sj' shown in Pig. 4.5- The cor— 
it* c c t i V {'•? f 0!)!' c 0 s cX rr e o p )'i o s i t e to the me mb r a ne f o re e s a b 
t he 0 d, g! c . The d i re c t ions of t he f o rc e s s liown. in Pig. 

4.6 are positive . 


Vortical Force Horizontal Force hhear Force 

Pig . 4*6'^ Correct ive f ore e s a b Pre e Edge 
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The el’Toct ox the beam is added to arrive 

a t 1; I'lo i :i. n a 1 s o li:i t i on . A s t he b e a in is n or na 1 ly slender, 
it does not ol'ier resistance to rotation and horizontcil 
t .X'an 3 1 cL t i on . S o , only t he two forces, ver t i ca 1 f or c e 
V|^ and shear force are considered. 

generally acts upward on the shell and dov/n“ 
ward on ttio beam. /l.eiie rally acts inw'srds on the shell 
;:xnd oiit\v'aj'a on the beam. Those forces on the shell are 
Q p po .'ii i t G bo the c o r r e s ponding line forces. The f or c e s 
;-ire siio'Yn :i n '^ig. 4.7. 



TM-g. 4.7 “ Beam forces 


V|.^ and forces are to be found from compati- 
bility equations of the displacement and stress at the 
junction of shell edge and edge beam. 


Bending horizontal translation of the shell 
edge is caused due to the forces shown in Fig. 4.5 and 
4.6. The expression is v/ritten as (5) 
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are the coefficients for* the respective 
'L i n 0 1 d s . And , t h e y c an bet ak en from t he Table 2 B , 
ALiCt) I'Janual 31 "Besi^^ of Cylindrical Concrete Shell 
hoofed' , Pirst suffix indicates the horizontal displace- 
aiont and tlie s.econd suffix denotes the respective force 
which causes the displacsrnenTL; . 


1 ^ ho t or m <S o ont ai ns n e gat i v e sign, because 
the positive corrective force produces negative 
li oi*i z f.uj t J. di s yd.ac o Tjiont . Si mi ].a r ly , t he die; ‘Olsi cement s 
r; I used by and are negative. 

Kqu (4.2) can be reorganized and written 
as 


6 


h 


,.h- 

rP-tP) 


(A- -<5hh«L 


(4.3) 


The condition for the provision of the tie 
b..trw is that the expression (4.3) should be ne^iatlve 
indicating ouWard horizontal deflection. Sj^ is usually 
larger than So, the second and third terms yield 

outward translation. To make the expression negative, 

hv '^^hh ■''^hs (4.4) 

This implloa that should possess high value 
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or nearly eqralto Id othe.r T/ords, the edge beams 

should be so stiff that sufficient vertical resistance 
satisfying (4^4) should be offered bj^ the edge beams. 

The shell v/ithout edge beams v/ould not yet the 
vertical resistance at the edge, so the shells v/ith uni*- 
f or'ij! loading would hardly require the tie bars . 

Once, tVie need to provide the tie bars in the 
shell exists, the shell with the tie bai's can be anti- 
ly z e d by the lae t h od d c e c x’i b e d ; i n 5 . 7 « 2 . 

T he oret i c a l liesults by Beam I/ Je thod 

The deflections obtained f-rom the Beam Theory 
are shown in Pig. 4.4. The theoretical deflections are 
less compared to the experimental rejaalts. 'The discre- 
pancy is explained in the discussion for the Theoretical 
he suit 3 by the SGho.i'’ex' Theory. The deflections by the 
B e am The or y a r e hi g her t han those b y t he S ch or e r T he ory . . 

Comparative study among the results derived 
from va.rious approaches is made in Pig. ,4.3. It is 
found bhat the theoretical vortical deflections do not 
deviate much from the experimental results. 
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4.5 

Toad ’'4 ^ ■" • '.in Tie Bar -Puree ^rapYis az'e shown 
in Pig. 4.8 and 4.9. I'ig. 4.8 gives a study of the 
f or c e d eve 1 o i^e d .1. n the c e n t r al tic bo r v/h en 031 , C 8 3 , 

CS5 are loaded. Siinilcirly, Pig. 4.9 gives a study of 
the force developed in the tie bar placed at l/6 from 
the centre when CS2 , GS4s ^^5 are loaded. 

The force in the central tie bar of CS1 Is 
about twice of that of CS5 . The difference between the 
central tie bar forces developed in G81 and CS3 is not 
significant. This proves tho.t the tie bars provided 
near the-? support do not 3 ‘ield reraarkable contribution. 
Theo'G is consid'^-rable difference betv/een the foi’ces in 
t he tie b ars a t L/6 f i : oni t he c e nt re , being pr ovi d ed i n 
CS2 and G8 <l. But ^ the tie bar forces developed in 084 
and 065 are appr oximotel^'’ equal. So? it can be concluded 
that as the number of rlie tie bars increases beyond cer- 
tain limits the particular tie bar force behaves asyiiip“ 
totically . 

The results of Load bg Total Tie Bar force 
along the span are plotted In Pig. 4.10. As the number 
of the tie bars increases, the total tie bar force , 
increases. It is observed that the total tie bar foi-ce 
in CS3 is less than that in CS2 . This can mathematically 
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be provec' alsor. Equns , for CS2 and B-10 for CS 5 
derive the values of 4^ 3.087 c^ncl 4^ ^ 2.7815 

ii j.i 

respectively » 80 , this proves that the total tie bar’ 

force in CS2 is greater thfji that in 033. 

Pig.. 4.11 shows the variation of the tie bar 
force along the span.. Ei^q^erimenta 1 variation of the 
tie bar force is in Cosine form which is consistent with 
that ad o pt 0 d in c he anal y s i s . 

4 . 3 Ultimate Stren/^th 

Load“-def lection curves indicating inelastic 
behaviour are shown in Pig. 4.13. ^he deflections v^^ere 
measured up to certain loads and not up to failure. The 
measured deflections to the corresponding applied loads are 
shovm in Pig. 4.13 It is observed that as the number of 
the bars increasos , corresponding ultimate strength increases 
She LX Vv'ith no tie bar failed at 4 IOO hgs . Shell with one 
tie bar at the centre failed at 5000 kgs . This implies that 
the inti' eduction of the tie bar increases ultiijiate strength 
but not largely. vSiiells with three tie bars and five tie 
bars failed at 6000 kgs and 6600 kgs respectively. 

Pig. 4.12 gives an idea how the ratio of the chord 
width to the tie spacing affects the ultimate strength,' 
Ultimate strength increases rapidly, up to the chord 
y/idth to spacing ratio bein'g 2. Then,, it does not; in-- 
crease significantly and the curve behaves asymptotically*. 
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4 . 4 Comparative St udy o f Cyl i ndrical Shell 
and Voi ded Plate 

One of the objectives is to compare the stiff- 
ness of the identical cylindrical shell with that of 
the folded plate (7). The span, v/idth, and rise are 
the same in both the specimens. The reinforcements in 
the two specimens are not equal. It is intended to ioiov; 
the qualitative picture for the comparison of the tv/o 
structures. The results of the folded plate (?) are 
herein reproduced . Fig. 4.14 gives the comparative 
studjr of the cylindrical shell and the folded plate \7ith 
no tie bar and the tie bars. 

The deflection in the shell with no tie bar is 
about one-fourth of that in the folded plate v/ith no tie 
bar in the elastic range. The deflection in CSO is about 
one-tenth of thsit rn FPO in inelastic behaviour. So, the 
C 3 /lindrical shell is very stiff compared to the folded 
plate. So, a thinner section of the shell can be adopted 
to do the same work done by the folded plate. 

The deflection in CS1 is about one-third of 
that in I'PI in the elastic range. The introduction of 
the tie bar in the cylindrical shell reduces the def- 
lection by about while the tie . bar in the folded 

plate reduces the deflection b 5 >' about in the elas- 
tic range. The deflection in G&1 is very mch less 
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compared to that in ij’PI in inelastic range. 

There is no sharp increase in the deflection 
after the crack appears in the cylindrical shell. V/hilej 
the deflection in the folded plate increases suddenly 
as soon as the crack develops. 

4 • 5 C rackln/:{ la. t te r n c': [nd Mod e failure 
11 v/ i th IT o Tie Bar 

first cracks hod developed at the junction of 
the shell edge and the edge bea.m due to bending. Cracks 
occurred in the transverse plane of loading. This plane 
was subjected to maximum moment and shear siTmltaneousl^^, 
and hence, cracks viere produced along this section. 

Cracks v/ere not completely open through edge beam. Cracks 
had originated from the point where curvature of shell 
changed suddenly. And, this change created stress con- 
centration in the area of junction. 

It was found that there was no drop in load 
when firsts crack developed. 

rieiiaaral crack developed at the centre of 
edge beam with further increase in the load. As more 
load was applied, shear cracks developed in the corners 
of shell. Bending cracks did not propagate considerably, 
which showed the shell might not fail in bending. 
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.'"hear cracks pro^^rossed iiav/ards rapidly, before 
;iltirnete load was reached. At ultimcite load, shear 
cracks v/idened and penetrated deep into the edge be a in. 
Shear c:.acks \;o 2 ’e joined on the underside of shell. 

This mechanism of failure ia seen in J^notogiaph 5 . 

I’ig. 4.15 (a) to (d) gives the crack pa/ttern. 
The crack pattrrnis shown in Hiotographs 4 and 5. 

I.? £.'2 ct of the Tie B ar s^ o n the C rack lattern 

Introduction of the tie bars did not affect 
the cracleing load largely and node of failure. But, 
as the load increased, the number of the fle:airal cracks 
and shear cracks j.ncreasod. Ple^oiral cracks were uni- 
formly distributed;; and these cracks were not very re- 
rrarkab-lo. And, cracks were not propagating at the rate 
which was in GSO. This distribution of cracks and their 
propagation might hayo contributed towards an increase 
in ultimate strength of shells with tie bars. 

In the case of shell w i t h f i ve t i e bar s , 
longitudinal crack and diagonal cracks were joined at 
failure load. longitudinal crack was. developed due to 
yielding of transverse steel. 

Crack pattei'ns for CS1 , CS5j CS5 are shown in 
I'ig, 4/lS, 4J7? 4 *18 respectively . 
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liixf ect _ o±_ ‘^h0_ T ie Bars on t lie _C r ack Pro at ion 

It was thought to study the efpect of the tie 
bar on the existing crack in the shell. This study 
was taken with particular view. Norma lly^ cracks deve- 
lop at the junction of shell and edge' beam. It becomes 
very difficult to prevent proi>agation of cracks. It was 
thought thot introduction of tie her at the Point where 
cre.ck h£Kl orj.ginated , might stop or reduce the rate of 
propagation. In this regards 5 experiment was carried 
in the same way as described in Chapter II. 

last specimen with no tie bar was taken before 
it was finally loaded up to failure. Specimen was slov/ly 
loaded until it got distinct crack. This crack had ori- 
ginated from the hole spaced at f/6 from the centre. 

Then, the load was removed from the shell. The tie bar 
was introduced at the .crack location. The shell v;as 
again loaded. But, the crack did not open a.t previous 
cracking load. Shell was fixrther loaded, but crack did 
not open, Aftervi^ards , shell v^as unloaded and the same 
specimen with five tie bars ’vas tested up to failure, 
but the original crack did not raake a v/ay to propagate. 

The above phenomenon indicates that if crack 
in the existing structure is not wide, introduction of 
tie bar at the crack location reduces the propagation 
of the crack. 
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CrnTTEK V 


co:;'TCTU3icFo 

(1) A cylindrical shell has a tendency to llatten 
out under two conditions ' 

(a) A shell with an edge beam with high tlexu.ral 
stiffness in the Arertical plane and subjected 
1 0 u n if or inly d i 3 1 r i but e d v ert i ca 1 load . 

(b) A shell with relatively less stiff edge beams 
but under sorne concentrated loads. 

A need fox' transverse tie bar arises in such 
situations . 

(2) Introduction of the tie bars at the springing 
level reduces the deflection of the shell. It was ob- 
served that the deflection is a function of the ratio of 
the chord-width to tie bar spacing-. If t is ratio in- 
creases, the deflection decreases. If the spacing of 
the tie bar is kept nearly equal to the chord-v/idth, 
this layout of the tie bars yields good results. As 
the spacing of the tie bars is decreased, the deflection 
does not get reduced proportiona-tely, but gets reduced 
asymptotically. 

(3) Not only the number of the tie bars, but also 
their position matters, in the- layout. The tie b3.rs 
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near the support do not give the significant contribu-* 
ti on * 

(4) Horizontal force in a single tie bar spaced 
at 1.4 times of the chord width was of the order of Sv? 
of the load a citing on the specimen, oimilarly j hori- 
zontal force in the single tie bar spaced nearly equal 
to the chord width was of the order of 6;^. Knowing the 
load taken by the structure, the force in a single tie 
bar of the proposed layout can be found out. So, the 
If-'^yout of tie bars v/ith the required area can be intro- 
duced. 

(5) As the number of the tie bars increases, 

1 1 exural and s hear cracks deve lo p in raor e number and 
their distribution is nearly uniforiiu The increase in 
the u It i rente strength as the numbGr of the tie bars is 
increased might be attributed to more number of cracl^s 
and their uniform, distribution. 

(6) The cracking load is not nnch influenced by 
the presence of the tie bars, 

(7 ) The u3.timate load increases as the number of 
the tie bars increases. The rate of the increase is 
rapid up to the chord-width/spacing ratio being 2, then 
the rate diminishes. 
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(o ) riex'aral stroni^th of the rjhell is consiflor-' 
ah ly hi gh e r t han t hai t of other roof s t r u ct ur e s . So, to 
Liake the full utilisation of the fle:.naral strength, shear 
failure should not occur^ Care i:<iust be taken to provide 
sufficient shear reinf orceiijent in the support zone. 

(9) If the Oracle has forwed at the springing level 
in the existing stmeture, that crack ira.y be closed by 
introducing the tie bar at the crack location. 

(lO) file cylindrical shell is very stiff co:o.jared 
to the identical folded plate. The deflection in cyOhn-- 
dr i cal shell is veiy inucli less corppa.red to tlia.t in folded 
plo.te . The cylindrical shell with the thinner section in 
place of the. folded plate, can be employed to do the same 
work done by the folded plate lx form-V7ork and skilled 
labour costs are not controlling: factors. 
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APPE^TDl.T 


A 


A-1 ^ DESIGN OP SHEIX 
Wo rli:in;q; S tre ss Desii^n 

Balanced Design was applied 1 o deaj.gn the shell. 




The following properties were adopted to design 
the die 11 preliminarily. 


V/ox’iing Tensile Stress of Steel 


= 1400 

». > r-y 

kgs/cin'^ 


Working Compressive Stress of Concrete 
Modulus of Elasticity of Steel 
Modulus of Elasticity of Concrete 

Effective Depth d 


100 

kgs /cm 

2.^-1 
kgs/cu 

2.7 10^ 

1 / 2 
kgs /cm 

20 ems 


Ceilcu lat ions 

Cc. K" 



Modular Ratio m 



= 20 / 2.7 


= 7.4 


Stress Diagram 


ro o 
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.Prom the stress diagram^ 

„ - n 

~ d-n 

Substituting the values and solving, 

LOP 7^4- _ n _ 

"Tido “ " 

n = 6.9 ems 

Compressive Area is obtained from geometry. 

A = 47.6 sq.cms, 

c 

Taking linear variation, 

•j 

Gompi'essive force = ^ x x 

= X 1 00 X 47.6 
= 2380 kgs . 

Por equilibrium, 

Tensile force = Coiupressive force 

A - 2380/1400 
s 

- 1 . 7 sq.cms . 

Taking 9.4 mm dia bar, 

^ 1 " J— 

Numbers ox Bars - 0 .695 

= 2.44 \ 
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uay , Two Bars oT 9.4 ram in each edge beam a^re 

« 

required . 

A~2: BETBRffiBATION OB TilE TIE BAR EOBCE 

The force is determined in the follov/ing 

steps . 

(1) Ultimate-Moment by Uhitney's theory is found 

out . 

(2) The load to be acted upon the specimen is found 
out by equating external moment to ultimate-moment. 

(3) forking load is evaluated by applying factor 
of safety. 

(4) The horizontal thrust at the hinge of two-hinged 
arch is found out , 


E 


B 


E 


■y 


f * 

c 


f ^ 

= 2. ^10^^ kgs/cm 

f~ 2 

= 2.7 10^ kgs/cm 

2 

= 2670 kgs/cm 

2 

=r 275 kgs/cm 


Bata 
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a C 

T ' 

T 

UHi'innte I'^lornent 

Oonipresrjive force - Tensile I?orcG 
(rO) X t X = T (i) 

Yielding; of steel is assumed^ 

T = A f 

s y 

=: 1 .7 X 2670 

= 4540 kgs 

Ta king { i ) e qu i on , 

(31.25 0) 2.5 0.85 275 = 4540 

G = 0.246 radians 

h-| = r cos 0 

= 50.5 cms 

Depth of stress block 

a - 32.5 - 30.3 



2 .2 cnis 
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Taking "the centre of gravity of compressive 
are a a ppr oxima tely at a/2 from top fibre. 

Ultimate Moirient = T (d - 

= 4540 * (20 - 1 .1 ) 

= 86,000 kgs-cms 


External Moment 

The shell being loaded is shown in the following 

f ijguro , 


W 


pr 


1 


w 


./3 — >1 




j 0115 


Locicl'Cc! 

I'.'Uxiiriuin. Ext ernal Moment 




_ TO _ 

■ 3 

.h w 

V/orking Iioad 

TTItimata Load_ 
at one point - pact or of Safety 


86,000 kgs-ems 
1730 kgs 


Say, factor pf safety 
Be sign Load 


1730 

2 


865 kgs 
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It is assumed that a point load equal to two 
points in iivagnitudo acts at the centre of the shell. 
This assuription was considered to get rough idea about 
tie bar force at the centre. 



The horizontal thrust ii can be found out. 
derivation is not shown, 

H = 450 kgs 

Yield strength .of high strength steel 
= Hs800 kgs/cn? 

Area of Steel ~ 0.0304 sq.cuis. 

However, high strength steel rod of 7 mm was 


adopted . 






r)S'TSRI''IIIiA.TIOB OB PIJwGTION FOR TIE FORCE Al'TD 
ITS OHTIIOG-ONALISATION 


Determination of Function 

Tie Bar’ Forces act as point forces alon^; the 
span of the shell. The forces are expressed in Fourier 
Series. One example is illustrated for the case of one 
tie b ar . 

CS1 ’ Cylindrical Shell with One Tie Bar 

y 



Say, the force in the tie bar is T. Say, the 
force is distributed over a length of D/20. 

Introducing intensity ’p'r the following 
equation can be written. 

p-2-5-= ® 

20 T 

.. P = " 
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f(x) = 0 

X 

2 

< - 

l/40 

- P 

I' 

40 "• 

'\ 

1/40 

= 0 

b 

40 ^ 


1/2 


The function fix) is represented in the follov/- 


ing form 


fU) 



oo 


n=1 


(a c os 
n 


np' X 
‘ I "" 


+ b. 


n 


nTtx 
I 


(B-1 ) 


Function is even, hence need not be cal- 
culate cl . 


a 


0 


a 


n 


L/2 

I r rr(x) dxi 

■-V2 


L/40 

I i C P<i^' J 

-I./40 


p/20 


L/40 
2 {■ r 

L J (- 
-L/40 


2nTT: 
p * COS jJ- 


dx] 


n rr 
20 


nn 


sin 
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Substituting &Q and in (B-1 ), the function 


n 


is obtaiiiGd 


OCj 


f(x) = 


_ £_ 


_ ^ y 1 

20 rr 


nrr ,, 

/ ~ sin 

^ n 20 


cos 


n iTx 


n=1 


Substituting p = in (3-2)^ 


(B-2) 




nTT X 


= E + T^- i 1 

n=1 


SHinctions for various cases are following 
(derivations for othe3r cases., not shown). 

CS1 ; Shell v^’ith One Tie Bar 


oo 


/ N T / H 40 'V 1 • nn . ^ n TT X V 

f(x) =: i (1 + ^ > n Sin ^ * cos -3— ) 


n 


n=1 


(B-3) 


CS2; Shell with Two Tie Bars 


00 




60 


n=1 


- sin 


l^n. ) * 00s 


60 


(B-4) 


T in one Tie Bar 


7 ^ 


G >S 3 ■. Shell v; i t h Three Tie Bars 


DO 

'(-> - t * ^ I i < 

n=1 


I in 


43nlT 

60 


in 


37n n 
60 


H- 2 sin 


niL> ^ 


20 


; co{ 


n'lTx 

T. 


(B--5) 


T in Central Tie Bar 


CS4: Shell with Four Tie Bars 


f(x) = r. 


2.732 H- ^ > i (Sin - sin 


Tt ^ n 
n=1 


60 


60 


+ 1,732 (sin - sin 


60 


60 


))-. 


COS 


nHx 
!■ 




(B~6) 


T in Tie at g- from centre 


CS5 : Shell with Five Tie Bars 


oo 


fU) = r 


3,732 .22 y i 42^ - Sin 2^ 


^ n 60 60 

n=1 


+ 1 .732 (sin sin 


60 


. ^ nT^^ _ nTix 

+ 2 sin * cos — 


1 


(B-7) 


T in Central Tie 


Ortho^onalirj£'.t ion 


r 


Squ . (3.5) is rewritten 

[c]|'xj = ly] 

Say._, first row is written as 

T| X 


~]cos . Numerics as ele^ 


ments in brackets may be derived from boundary condi 
t i on of h or i z ont a 1 t hru s t . 


Example is illustrated for the case of one 


tie bar. 


One Tie Bar 


cos 


n; 


CO 

Y (1 + — )> - 

L ^ rr 4^ n 


T 


sin 


njT 

20 


■X- 


n=1 


nnx s 
cos “t— ) 


TTX 


J/ulti plying both sides by cos and inte- 
grating them over the length 

L/2 1/2 V2 

r i- J =„2^dx = |rt J 

■ ~L/2 -1/2 -L/2 


oo 

V ■ nlT 
20 
n=1 


( ^ sin °os “IT °os-T‘ 


dx 
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If r. = 1 s then integral coiaes out to he L/2. 

In othor values of n., integral vanishes. 

IT f [# + V 1^"] 

L 1= Ft, Q 

So 9 the right hand side of (B--8) becomes first 
row of [1 y J . 

Orthogonalised Gleraents for various cases are 
following » 


Or thogonalised Elements 


GS1 3 

4T 

i.tr 

«■ Pi + 

10 Bin ij 

CS23 

4T 

Lit 

1 1 .732 

+ 8.66 (sin - sin ) 

CS3s 

4T 

Lit 

* 1 2 + 

5 * (sin ^ - sin + 2 sin 


(3-8) 

(3-9) 

U)'| 

20 ■'J 

(B-ro) 


+ 1 .732 (sin - sin ^)}] (B-11) 
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GS5 



5 *732 + 5 


r 

sin 

I 


43n 

60 


sin 


57Tr 

60 


1 .732 


(sin 


2377 

60 


Sin njT) 




-!- 2 


uin 


n 

20 



(B--12) 



APFEIJDIZ C 


COmrSlYSIOI'I OP LOADING 


Uniform load in longitudinal direction is 
found out by virtual work concept* Tiis uniform load 
is the line load acting at the ridge. The uniform load 
over the shell is obtained froBi the line load by simple 



Pig. C~1 Pig. C-2 

Loading at Ridge U.D.L. over Shell 

Sine function for virtual displacement is 
assumed. Work done by tv/o point loads, 

= 2P * A sin 
= 2P A. sin 

1.732P (C-1) 

'^ork done by the uniform load over the shell, 
dw = * (dx RdO) » y 
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Integrating, 

0 

P 

1 = i 

= 2 '\5 n ^ 20 ^ (C-2) 

Equating (C-1 ) and (C-2) 



Substituting the values of ii and 0 in (0-3) 

o 

= 0.04325 J 


\ A ^Jin d:c d0 

0 


This loading is converted into Courier Loading 
and its first term is considered. 


Loading in analysis = 0.04325 ^ 




AltEEDIX D 


-x^ABliES PO'R IvILJLTIPIJERS AWD COEEFICIEl'TTfi 
IE THE SCHOHEil THEORY (6) 


Ta b 1 b' E- 1 I'.li 1 1 i p 1 i g r g IvL i n t lie S c h or e r A na ly s i a 

i=1 ,8 


Obeli 

Act ion 

Mult i 1)1 ier 


oosp2 

R^rr ^ 

‘^0 

Tj 

“ r5/2~ 

cos 

i.1 

^0 

:o 

- hT' 

cos -0-5 


D 

rR/^ 

Hx 
cos — Y, 

u . 



C OS 

. V/ 

tTx 

cos 


Y 

viv 

Tix 

C OS — — 


.1- cos -ns 




ae 


Pararffit er 


ts (B1 , B2, B5, B4)^ 

i=1 ,8 

.orer Analysis (S ) 


B2 

B3 

B4- 

^1 




(^1+^-1 ) 


+1 

0 

-1 

-1 

~1 

~1 

-1 

+1 

-1 

0 

+1 

0 

( ) 


“(‘^1 ) 



■^1 





fee;-/ 




’ The si a 
62U.1776 
Ml4.7Ub 


1 


2U5^ 

Mehta, ; 

heliaviour of relnforcec 
concrete cyllridricaD. shel^! 
with tie bars- | 



